Mass spectrometry-based targeted proteomics (e.g., selected reaction monitoring, SRM) is emerging as an attractive alternative to immunoassays for protein quantification. Recently we have made significant progress in SRM sensitivity for enabling quantification of low nanograms per milliliter to sub-naograms per milliliter level proteins in nondepleted human blood plasma/serum without affinity enrichment. However, precise quantification of extremely low abundance proteins (e.g., ≤ 100 pg/mL in blood plasma/serum) using targeted proteomics approaches still remains challenging, especially for these samples without available antibodies for enrichment. To address this need, we have developed an antibody-independent deep-dive SRM (DD-SRM) approach that capitalizes on multidimensional high-resolution reversed-phase liquid chromatography (LC) separation for target peptide separation and enrichment combined with precise selection of target peptide fractions of interest, significantly improving SRM sensitivity by ~5 orders of magnitude when compared to conventional LC-SRM. Application of DD-SRM to human serum and tissue provides precise quantification of endogenous proteins at the ~10 pg/mL level in nondepleted serum and at <10 copies per cell level in tissue. Thus, DD-SRM holds great promise for precisely measuring extremely low abundance proteins or protein modifications, especially when highquality antibodies are not available.
Mass spectrometry (MS)-based targeted proteomics (e.g., selected reaction monitoring (SRM)) has been proved as a powerful tool for quantitative protein analysis due to its high specificity/selectivity, reproducibility, accuracy, and multiplexing capabilities. [1] [2] [3] [4] It has therefore been widely used in systems biology and biomarker development studies. [5] [6] [7] Compared with traditional antibody-based methods, such as ELISA and Western blotting, SRM has been demonstrated to provide comparable or better quantitative results. [8] [9] [10] In addition, SRM can quantify site-specific protein isoforms, protein truncation, and posttranslational modifications (PTMs) from which antibodies often cannot distinguish with high specificity. 9, 11, 12 However, SRM still suffers from insufficient sensitivity for precise quantification of low-abundance proteins in complex biological samples such as human blood plasma/serum or tissues. Conventional LC-SRM has a good linearity for protein concentrations at the range of ~4-5 orders of magnitude but only allows quantification of proteins at micrograms per milliliter levels in plasma/serum without immunoaffinity depletion of high-abundance proteins or other front-end sample processing. 13, 14 To achieve highly sensitive quantification of target proteins in complex biological samples, sample prefractionation/enrichment using either chromatography or antibody-based enrichment is often required to reduce sample complexity. 3, 15, 16 Immunoaffinity depletion of high-abundance proteins from human biofluids is the most commonly used method, which allows a 10-to 20-fold improvement of SRM sensitivity depending on the type of depletion columns used, with the limit of detection (LOD) and limit of quantification (LOQ) at the protein concentration range of 25-100 ng/mL in blood plasma. 1, 17 To further improve SRM sensitivity, after immunoaffinity depletion other fractionation approaches such as strong cation exchange (SCX) chromatography are employed, achieving low nanograms per milliliter levels of SRM sensitivity in blood plasma/serum. 1, 18 However, immunoaffinity depletion of high-abundance proteins may affect quantification accuracy due to nonspecific binding of target proteins. Antibody-based affinity enrichment (e.g., stable isotope standards and capture by anti-peptide antibodies, or SISCAPA), when coupled to SRM, enables quantification of target proteins at low nanograms per milliliter levels in human plasma using a relatively small volume (~10 μL) of plasma sample, 19 or ~100 pg/mL levels when the sample volume was increased to 1 ml. 3 However, this method shares typical shortcomings of the antibody-based methods (e.g., relatively low multiplexing, unavailability of antibodies for many proteins, difficulties in generating high-quality antibodies for protein modifications, or isoforms). 3, 9 Recently, we developed an antibodyindependent targeted MS method PRISM-SRM (high-pressure, high-resolution separations with intelligent selection and multiplexing SRM) which utilizes effective chromatographic enrichment for highly sensitive quantification of target proteins in complex samples. 15, 20 PRISM-SRM enables quantification of plasma proteins at the 50-100 pg/mL levels when combined with IgY14 depletion, or at sub-nanogram per milliliter to low nanograms to milliliter levels without immunoaffinity depletion. 15, 21 Despite all the aforementioned advances, precise targeted quantification of extremely low abundance proteins still remains a formidable challenge, especially for those proteins without available high-quality antibodies.
To address this need, we developed an antibody-independent deep-dive (DD)-SRM approach that capitalizes on two-dimensional (2D) high-resolution reversed-phase liquid chromatography (RPLC) separations prior to the final LC-SRM analysis for significantly increased sample loading, highly effective target peptide enrichment, and SRM online monitoring for precise selection of target peptide fractions of interest. DD-SRM was demonstrated to enable quantification of target proteins at ~10 pg/mL levels in blood plasma/serum and <10 protein copies per cell in human tissue. In contrast to other sensitive targeted proteomics approaches (e.g., SISCAPA-SRM) which rely on affinity enrichment to achieve ~100 pg/mL level sensitivity in human blood, DD-SRM is fully independent of affinity reagents but with ~10-fold higher sensitivity. Therefore, we envision that DD-SRM will have broad applications in precise quantification of extremely low abundance but functionally important proteins or PTMs in any sample types (e.g., plant and exotic species) that cannot be accessed by currently available methods.
MATERIALS AND METHODS

Materials
Urea, dithiothreitol (DTT), iodoacetamide, ammonium formate, trifluoroacetic acid (TFA), and formic acid (FA) were obtained from Sigma (St. Louis, MO, USA). Trypsin enzyme was purchased from Promega Corp. (Madison, WI, USA). Pure synthetic heavy peptides labeled with 13 C/ 15 N on C-terminal lysine and arginine (>97% in peptide purity and >99% in isotopic purity) and the unlabeled counterparts were from Thermo Scientific (San Jose, CA, USA). Human prostate specific antigen (PSA) protein was purchased from Sigma-Aldrich.
Samples
Pooled human female sera were purchased from BioChemed Services (Wincheser, VA, USA) and BioreclamationIVT (Baltimore, MD, USA). Clinical serum samples from sepsis patients were obtained from BioChemed Services. Human ovarian tumor samples were obtained from Oregon Health and Science University. The use of human samples was approved by the Institutional Review Boards of the Pacific Northwest National Laboratory in accordance with federal regulations.
SRM Assay Configuration
The selection of surrogate peptides for the target proteins, screening and characterization of the synthesized peptides, and selection of SRM transitions and optimization of collision energy followed the same methods as described in our previous studies. 15, 21 
Serum Digestion and Response Curve Experiments
Human serum samples were subjected to trypsin digestion using the same method as described previously. 21 The digested peptide concentration was measured using the BCA assay. For the response curve experiments, stocks of PSA protein digest were spiked into the digest of the pooled human female serum at concentrations of 0, 0.01, 0.025, 0.05, 0.1, 0.5, 1.0, 10.0, and 100.0 ng/mL; the pure synthetic PSA heavy peptide standards were spiked into the samples at a fixed amount of 100 fmol. The details about the sample preparation were described in Supporting Information section S1.1.
Tissue Sample Preparation
Ovarian tumors were homogenized and lysed in the lysis buffer (8 M urea, 60 mM NH 4 HC0 3 , pH 8; 1 × Halt phosphatase inhibitor was also added as part of our standard procedure, but it is not required for the present study). After centrifugation at a speed of 15000g for 30 min at 4 °C, the supernatant was transferred to another vial. Protein concentration was measured using the BCA assay. The resulting ovarian tumor protein samples were then digested using the same method that was used for human serum. After digestion, pure heavy internal standard peptides with known concentrations were spiked into 1 mg of tissue digests for DD-SRM analysis.
Target Peptide Separation by Offline 2D-RPLC
In the first-dimension RPLC separation, a high-flow ACQUITY UPLC system (Waters Corp., Milford, MA, USA) was used with low-pH buffer A (0.1% FA in water) and buffer B (0.1% FA in 90% acetonitrile). Peptide mixtures were separated on a 4.6 mm inner diameter (i.d.) × 150 mm length, 2.5 μm C18 column (Waters) at a flow rate of 0.7 mL/min, using a 90 min gradient (3 min, 2% B; 7 min, 5% B; 20 min, 10% B; 60 min, 20% B; 70 min, 28% B; 85 min, 50% B; 90 min, 95% B). The eluent from the high-flow RPLC column was split into two flow streams (1:250 split ratio of flow rates) via a Tee union. The smaller fraction of eluent was sent to a TSQ Quantum Ultra triple quadrupole mass spectrometer (Thermo Scientific) for online SRM monitoring of landmark albumin peptides and the spiked-in heavy internal standard peptides. TSQ Quantum Ultra was operated with ion spray voltages of 2400 ± 100 V, a capillary offset voltage of 35 V, a skimmer offset voltage of −5 V, and a capillary inlet temperature of 220 °C. Both Q1 and Q3 were set at unit resolution of 0.7 fwhm, and Q2 gas pressure was 1.5 mTorr. A scan width of 0.002 m/z and a dwell time of 50 ms were used. The major fraction of the eluent was automatically collected every 45 s onto a deep 96-well plate using an automatic fraction collector (LEAP Technology, Carrboro, NC, USA). In serum sample analysis, eight peptides from the most abundant albumin protein in human serum were selected as internal RT standards to monitor RT shift in each run (Supporting Information section S1.4 and Table S1 ). In general, one more serum sample with the same batch of trypsin digestion and high heavy peptide spiked-in (~20 pmol) was run before or after real sample separation with the same conditions. Based on the RT alignment of albumin protein peptides and heavy peptides, fractions containing target peptides in the first-dimension separation were precisely located. The target peptide fractions from the first-dimension RPLC were concentrated to ~60 μL using a SpeedVac. These fractions were then further fractionated by a second-dimension high-pH reversedphase separation system into another 96 fractions followed by selection of target peptide fractions of interest (via the online monitoring) for downstream LC-SRM analysis. This fractionation process resembles the high-resolution PRISM method, which was previously described in detail. 5, 15, 22 
LC-SRM Analysis
All fraction samples of interest from the second-dimension separation were analyzed using a nano-ACQUITY UPLC system (Waters) coupled online to a TSQ. Vantage triple quadrupole mass spectrometer (Thermo Scientific). The UPLC system was equipped with a nano-ACQUITY UPLC BEH 1.7 μm C18 column (100 μm i.d. × 10 cm). Buffer A (0.1% FA in water) and buffer B (0.1% FA in 90% acetonitrile) were used. A 4 μL aliquot of each sample was loaded onto the column at a flow rate of 1 μL/min for 6 min. Peptides were separated at a flow rate of 400 nL/min, using a binary gradient of 10-20% buffer B in 12 min, 20-25% buffer B in 9 min, 25-40% buffer B in 3 min, 40-95% in 1 min, and 95% for 5 min. The TSQ Vantage was operated in the same manner as the TSQ Quantum Ultra with a scan width of 0.002 m/z and dwell time of 50 ms for all SRM transitions. Tube lens voltages were obtained from automatic tuning and calibration without further optimization. All the samples were analyzed in triplicates.
ELISA Analysis of IL13
An ELISA kit for IL13 was purchased from Abcam (Cambridge, MA, USA). All the ELISA measurements were performed according to the manufacturer's instructions. The standard IL13 protein from the same ELISA kit was spiked into a pooled human serum sample purchased from BioreclamationIVT (endogenous IL13 concentration was 0.32 pg/mL as determined by ELISA) at different IL13 concentrations (Supporting Information section S 1.5 and Table S2 ). The human serum samples were then measured by both the ELISA and DD-SRM assays for comparison.
Data Analysis
The Skyline software was used for all SRM data analysis. 23 The raw data were initially imported into Skyline software for visualization of chromatograms of target peptides to determine the detectability of target peptides. For each peptide the best transition without matrix interference was used for precise quantification. Two criteria were used to determine the peak detection and integration: (1) same retention time and (2) approximately the same relative SRM peak intensity ratios across multiple transitions between endogenous (light) peptides and heavy peptide internal standards. Standard derivation (SD) and coefficient of variation (CV) were obtained from three MS technical replicates for each fraction sample.
All the data were manually inspected to ensure correct peak detection and accurate integration. The signal-to-noise ratio (S/N) was calculated by the peak apex intensity over the highest background noise within a retention time region of ±15 s for the target peptides. The S/N ratio of surrogate endogenous peptides ≥10 is required for reliable quantification.
RESULTS
Concept of DD-SRM
The concept of DD-SRM is depicted in Figure 1 . Before LC-SRM analysis, target peptides are separated and enriched from complex biological samples (e.g., plasma/serum) by offline high-resolution 2D-RPLC separations with precise selection of target peptide fractions of interest via online SRM monitoring. First, a relatively large amount of peptide mixtures are separated and fractionated into 96 fractions by high-resolution high-flow RPLC at pH 2.5. Based on online SRM monitoring (or subsequent offline highly reproducible high-flow RPLC separations), target peptide fractions of interest can be located precisely. Second, the selected target fraction is further separated and fractionated into 96 fractions using highresolution capillary RPLC at pH 10. The predefined target peptide fractions from the second-dimension separation were selected based on online SRM monitoring of heavy isotope-labeled internal standards. Lastly, the selected peptide fraction is loaded onto the third-dimensional capillary nanoflow RPLC at pH 2.5 and then analyzed by SRM for quantification.
The concept of DD-SRM is built on the following reasons: (1) the partial orthogonality between low-and high-pH RPLC separations provides high peak capacity that has been well documented in recent MS-based proteomics studies, and thus the combination of low-highlow pH RPLC would significantly reduce matrix background interference; (2) the consecutive implementation of three-dimensional RPLC separations (high-flow, microflow, and nanoflow LC) allows for exceptionally high initial sample loading (e.g., ~4 mg of peptide mixtures, equivalent to ~200 μL of human serum) as well as precise selection of target peptide fractions of interest by online SRM monitoring due to the compatibility of RP separation buffers with electrospray ionization; (3) when compared to strong cation/anion exchange chromatography (SCX/SAX), RPLC separation provides higher resolution and reproducibility and does not need additional sample cleanup to minimize sample handling for improved peptide recovery. 24 All these features are contributing to the ability of DD-SRM to detect extremely low abundance proteins in complex biological samples.
Sensitivity and Reproducibility of DD-SRM
To provide an initial demonstration of the sensitivity and reproducibility for DD-SRM, we built a response curve of PSA spiked into pooled healthy female serum. Approximately 4 mg of serum digests (corresponding to ~200 μL of serum) were used for each data point. The digested PSA protein was spiked into the serum digests at concentrations of 0, 0.01, 0.025, 0.05, 0.1, 0.5, 1.0, 10.0, and 100.0 ng/mL, together with 100 fmol pure heavy internal standard LSEPAELTDAVK. The peptide mixtures from each concentration point were analyzed by DD-SRM with three technical replicates. Figure 2A shows the extracted ion chromatograms (XICs) of the transitions monitored for LSEPAELTDAVK at protein concentrations of 0-100 pg/mL. For the blank control sample, the exogenous PSA surrogate peptide was not detected, while it was clearly detected and quantifiable (S/N > 10) in the spiked-in samples with as low as 10 pg/mL PSA. This indicates that DD-SRM has the ability to detect and quantify low picograms per milliliter levels of target proteins in nondepleted human blood plasma/serum.
A linear dynamic range of over 4 orders of magnitude in PSA concentrations has been achieved with R 2 = 0.99, and the CV was less than 5% ( Figure 2B ). As we demonstrated before, the absolute amounts of exogenous PSA proteins can be calculated from the peak area ratios of light to heavy peptides (L/H) and the accurate concentration of internal standard PSA peptide. They can be used to evaluate the peptide recovery and quantification accuracy. 1, 25 A good correlation (R 2 = 0.99) between the calculated and the expected PSA concentrations was obtained (see Figure 2C ), suggesting high quantification accuracy and sample recovery achievable in DD-SRM.
Quantification of Extremely Low Abundance Endogenous Proteins by DD-SRM
To demonstrate its ultrahigh sensitivity for quantification of endogenous proteins, we applied DD-SRM for measuring four extremely low abundance proteins (IL13, IL8, TNFα, and IL9) in a pooled healthy female human serum sample purchased from Biochemed (October 2015) (see Table S2 ). Based on previous reports in the literature, their concentrations ranged from 7 to 30 pg/mL in healthy human serum. [26] [27] [28] The following surrogate peptides with the best performance from each protein were selected: ELCLDPK (IL8), SLLEIFQK (IL9), VNLLSAIK (TNFα), and DLLLHLK (IL13). The best transitions and collision energies were listed in Table S3 . The heavy internal standards were spiked into 4 mg of human serum digests at concentrations of 1250 fmol for ELCLDPK, 900 fmol for SLLEIFQK, 350 fmol for VNLLSAIK, and 350 fmol for DLLLHLK The sensitivity of DD-SRM for detection of endogenous proteins was evaluated by comparison to that of our highly sensitive PRISM-SRM method (LOQ of low nanograms per milliliter in nondepleted plasma/serum). 22 A 50 μg amount of serum digests (the optimal loading for PRISM-SRM) with the same spiked-in amount of heavy internal standards as DD-SRM was used for PRISM-SRM analysis. As shown in Figure 3 , none of endogenous peptides were detected by PRISM-SRM, while all endogenous peptides can be readily detected by DD-SRM. Based on the L/H ratio and the known heavy internal standard concentrations, the four endogenous protein concentrations in human serum can be estimated as 20.7 pg/mL (IL8), 39.9 pg/mL (IL9), 46.8 pg/mL (TNFα), and 126.6 pg/mL (IL13). This result demonstrates that DD-SRM significantly improves sensitivity by increasing the sample loading and reducing the background interference with orthogonal multidimensional high-resolution LC separations.
To demonstrate its broad utility, next DD-SRM was applied for quantification of extremely low abundance endogenous proteins in human ovarian tumor that cannot be detected by PRISM-SRM. A comparison between DD-SRM and PRISM-SRM was carried out by monitoring two surrogate peptides: SNVQPTAAPGQK from AURKB protein and IPYEEGPGPGPLAEVR from FOSB protein. A 50 μg amount of tissue digests and 1 mg of tissue digests were used for PRISM-SRM and DD-SRM, respectively, with the same spikedin amount of heavy internal standards (30 fmol for SNVQPTAAPGQK and 200 fmol for IPYEEGPGPGPLAEVR). The best transitions and their collision energies of the two surrogate peptides were listed in Table S1 . As shown in Figure 4 , DD-SRM can reliably detect and quantify the two endogenous peptides. The calculated protein expression levels were ~40 copies per cell level for AURKB and ~10 copies per cell level for FOSB (see Supporting Information section S1.3 for the detailed calculation). Considering that there is still room for further increasing the sample loading amount, DD-SRM should be able to detect and quantify proteins expressed at the level of <10 protein copies per cell in human tissue. Such levels of sensitivity are much higher (≥700-fold) than that provided by conventional LC-SRM (~7500 copies per human cell without sample fractionation). 29 
DD-SRM and ELISA Measurements for IL13
To evaluate the quantification accuracy of DD-SRM, IL13 protein concentrations from eight human serum samples (four sepsis and four normal) were measured by both the commercially available ELISA assay and DD-SRM. The ELISA results indicated that the majority of these serum samples have extremely low concentrations of IL13 (0.3-4.2 pg/ mL); DD-SRM was only able to quantify IL13 in one sample ( Figure 3 ) that has an ELISAmeasured IL13 concentration of 39.4 pg/mL (Table S2) . To obtain the correlation of the DD-SRM and ELISA results, the same IL13 standard protein that was used in creating the ELISA response curve was spiked into a healthy human serum sample with negligible level of IL13 (0.32 pg/mL; see Table S2 ) to generate five samples with IL13 concentrations ranging from 25 to 100 pg/mL. Excellent correlation was observed between the DD-SRM and ELISA measurements with R 2 ~ 0.99, suggesting the robustness of the multistep DD-SRM analysis. However, the DD-SRM results were ~3 times higher than the ELISA results ( Figure 5 ). This observation that the protein concentration measured by SRM is higher than that by ELISA is similar to our previous results for PSA quantification by PRISM-SRM and ELISA, 21, 22 as well as the comparisons of SRM to ELISA results for other proteins, 30 due to various potential reasons, e.g., differences in the methods for quantitation of the peptide standards (used for SRM) and protein standards (used for ELISA), unexpected proteinprotein interaction, or partial protein degradation or truncation that results in low to no activity to bind to the antibodies.
DISCUSSION
We have demonstrated that DD-SRM enables the detection and quantification of target proteins at ≤10 pg/mL levels in human blood or <10 copies per cell in human tissue without the use of affinity reagents, either for enrichment of targets or depletion of interfering proteins. When compared to direct PRISM-SRM which displays low nanograms per milliliter or sub-nanogram per milliliter sensitivity in nondepleted human blood, DD-SRM can provide ~100-fold enhancement in detection sensitivity due to significantly enhanced sample loading (~4 mg for DD-SRM vs ~45 μg for PRISM-SRM) as well as ultrahigh resolving power from serial orthogonal low-high-low pH RPLC separations. Furthermore, unlike immuno-SRM methods, such as SISCAPA-SRM which requires antipeptide antibodies and approximately 1 mL of human blood to achieve a sensitivity of ~100 pg/mL, DD-SRM has ~10-fold higher sensitivity than SISCAPA-SRM with ~5-fold less starting material (i.e., only ~200 μL of human blood). This can be primarily attributed to the high peptide recovery when multidimensional high-resolution LC separations are used for nearly lossless peptide enrichment. However, DD-SRM has much lower throughput than immuno-SRM in both number of samples and number of targets. DD-SRM is currently limited to typically one to two target proteins because the enrichment of each individual target peptide requires ~2 h running time per peptide. With an increase in the number of target peptides the overall separation time will be proportionally increased (e.g., ~20 h for 10 target peptides). Improving sample throughput can be achieved by either optimization of the LC gradient for rapid elution of specific target peptides or target peptide fraction multiplexing via concatenation (but with the risk of sacrificing the resolving power of the high-resolution RPLC separation). We anticipate further improvement to ~20-30 min running time for DD-SRM is achievable for analyzing one target peptide, resulting in ~5-fold improvement in sample throughput when compared to current DD-SRM. Therefore, DD-SRM is ideal for quantification of extremely low abundance proteins in many different sample types, such as cytokines in human serum and transcription factors in human cells or tissues, particularly when high-quality antibodies are not available. However, DD-SRM is less practical for targeted analysis of many proteins in a large number of samples.
Many combinations of multidimensional LC separations have been used for reducing sample complexity to improve MS detection sensitivity (e.g., low-pH RP-SCX/SAX-low-pH RP). When compared to the multidimensional low-pH-high-pH-low-pH RP separations used in DD-SRM, the other separation combinations have lower peak capacity with resultant identification of fewer proteins and peptides, and the high salt content in the mobile phases interferes with online SRM monitoring by suppressing electrospray ionization. 31, 32 Online monitoring of the heavy internal standard peptides is also a problem following the firstdimension RPLC separation in DD-SRM, due to severe ion suppression from the tremendously abundant serum matrix (i.e., ~4 mg of serum digests). To address this issue, internal retention time (RT) standards were employed to identify the target peptide fractions of interest. The internal RT standards were previously used to normalize the RT for peptide identification and quantification in targeted proteomics analysis. 33 Eight peptides from albumin, the most abundant protein in serum, were selected as internal RT standards based on their RT stability, high SRM signal, and their elution time across the entire LC elution profile (Table S1) . High-flow UPLC demonstrated high reproducibility with only ~12 s of average RT shift. In our DD-SRM analysis, the eight internal standards were used to precisely locate target peptide fractions of interest in the first-dimension RPLC separation, and the selected target peptide fractions were then subjected to the second-dimension highpH RPLC fractionation.
CONCLUSIONS
We have developed an antibody-independent ultrasensitive targeted MS method, DD-SRM, that capitalizes on multidimensional high-resolution RPLC separations for high-efficiency separation and enrichment of target peptides, and online SRM monitoring for precise selection of target peptide fractions of interest for LC-SRM analysis. DD-SRM provided precise quantification of target proteins at ≤10 pg/mL levels in human blood and <10 protein copies per cell levels in human tissue without the use of affinity reagents. Such levels of sensitivity are better than those of many analytically validated immunoassays. Furthermore, DD-SRM has high specificity and high accuracy and an excellent correlation with ELISA measurements. Given the difficulty in generating high-specificity antibodies for precise quantification of substoichiometric PTMs and protein isoforms in complex biological samples, DD-SRM holds great promise for reliable quantification of not only extremely low abundance proteins but also protein variants and PTMs when high-quality antibodies are not available.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Schematic diagram of the DD-SRM workflow. Approximately 4 mg of peptide digest from nondepleted human blood plasma/serum with spiked-in heavy internal standard peptides is loaded onto a large 4.6 mm i.d. RPLC column and then separated into 96 fractions by highresolution high-flow RPLC using pH 2.5 mobile phases. Based on online SRM monitoring results of multiple highly abundant human serum albumin peptides or heavy internal standard peptides, the target peptide fractions are located precisely using the calibrated retention time. The selected target peptide fraction is further fractionated into 96 fractions by high-resolution second-dimension capillary RPLC separation using pH 10.0 mobile phases, and the target peptide fraction of interest is again selected via online SRM monitoring. Approximately 4 μL of selected peptide fraction (total volume for each fraction is ~20 μL) is then loaded onto the third-dimensional capillary RPLC using pH 2.5 mobile phases and analyzed by SRM. DD-SRM takes full advantages of the partial orthogonality between lowpH and high-pH, high-resolution RPLC separations, precise selection of target peptide fractions via online SRM monitoring, and significantly increased loading capacity of a large i.d. column in the first-dimensional RPLC separation to achieve ultrahigh sensitivity for detection of low picograms per liter level proteins in nondepleted human blood plasma/ serum. DD-SRM and PRISM-SRM analyses of four surrogate peptides from IL9, TNFα, IL13, and IL8 that were reported to be present at extremely low concentrations in serum. All four endogenous peptides were clearly detected by DD-SRM with high S/N ratios (16 for SLLEIFQK, 12 for VNLLSAIK, 20 for DLLLHLK, and 7 for ELCLDPK), whereas PRISM-SRM could not detect them from nondepleted serum. Correlation between the DD-SRM and ELISA measurements. Standard IL13 protein was spiked into a human serum sample with negligible endogenous IL13 (0.32 pg/mL) at different concentrations of 25, 40, 50, 75, and 100 pg/mL. The five serum samples were then analyzed by both ELISA and DD-SRM.
